Wild-type and cell wall mutants of Salmonella were examined for sensitivity to ingestion and intracellular killing in vitro by mouse peritoneal macrophages and guinea pig polymorphonuclear leukocytes. A complete polysaccharide core of the cell wall is important for resisting ingestion and intracellular killing, and the presence of the 0-specific side chains contributes further resistance. Uridine diphosphate-gal-4-epimeraseless mutants grown on galactose-supplemented medium, rendering them smooth phenotypes, showed resistance to ingestion and intracellular killing similar to the wild type.
The virulence of bacteria in many phagocytic systems has been stressed as an important factor affecting ingestion and their subsequent intracellular fate. Most workers found that avirulent organisms are ingested more efficiently by phagocytic cells than are virulent ones. This was shown for gram-negative bacteria such as Salmonella (11, 12, 24) and Brucella (2) , and for gram-positive bacteria such as Staphylococcus (3) . Moreover, a correlation was found between the virulence of Salmonella and of Escherichia coli and their survival within macrophages (10-12, 18, 23-25) . In contrast, Furness (9) showed that virulence influences the intracellular multiplication within macrophages, and not the rate of ingestion. After being opsonized with specific antiserum, virulent strains of Salmonella and of E. coli become as sensitive as avirulent strains to ingestion and intracellular killing by macrophages (11, 12) and to ingestion by Myxamoeba (14) .
In the interaction of the bacteria and phagocyte, the bacterial cell wall structure must be of decisive influence. Recently, a number of investigators attempted to determine which of the cell wall components are responsible for this effect. By using wild-type Salmonella typhimurium and its mutants with deficiencies of sugars in the cell wall polysaccharide, Nakano and Saito (20, 21) showed that the clearance rate, virulence, and immunogenicity of the different strains in mice varied. The cell wall polysaccharide composition of E. coli was found to affect ingestion by phagocytic cells and its virulence for mice (15) . Similar results were obtained with wild-type and cell wall mutants of S. minnesota ingested by Myxamoeba (14) .
Even at the subcellular level, a relationship between the cell wall structure of S. typhimurium and E. coli strains and their resistance to the bacteriocidal lysosomal fraction of polymorphonuclear (PMN) leukocytes (1) have been demonstrated (6, 7) . To obtain more detailed information on the influence of bacterial cell wall composition in ingestion and survival within the phagocyte, we studied two species of Salmonella and their cell wall mutants in their interaction with mouse peritoneal macrophages and guinea pig peritoneal PMN leukocytes in vitro. The use of uridine diphosphate (UDP)-gal-4-epimeraseless mutants grown under various conditions allowed us to assess in yet another way the importance of cell wall structure in the same strain. (6) .
Collection and treatment of phagocytes. PMN leukocytes were obtained from guinea pigs as previously described (5) . Macrophages were harvested from the peritoneal cavity of normal female albino mice in saline containing 5 ,ug of sodium heparin (Nutritional Biochemical Corp., Cleveland, Ohio) per ml as described previously (5) .
The cell suspensions were centrifuged (200 X g for 5 min in a horizontal International centrifuge), and the cellular pellet was washed once and resuspended in medium 199 (19) to the desired cell concentration as measured in a hemocytometer.
Interaction of bacteria with phagocytes (reaction mixture). From 3 X 107 to 4 X 107 bacteria were added to each milliliter of the reaction mixture containing an equal concentration of phagocytes suspended in medium 199 (19) containing 10% newborn calf serum (Microbiological Associates, Inc., Bethesda, Md.). To suppress the extracellular multiplication of the bacteria, chloramphenicol (Abic Ltd., Israel) was added at a bacteriostatic concentration (6 or 12 ,g/ml). From 2 to 3 ml of the reaction mixture was incubated in 25-ml siliconized Erlenmeyer flasks at 37 C in a rotatory shaker bath under an atmosphere of air mixed with CO2 (5%) saturated with water.
Estimation of ingestion and intracellular killing of the bacteria within the phagocytes. Samples (0.2 ml) were taken from the reaction mixture into 3.8 ml of medium 199 after different times of incubation. The phagocytes were sedimented by centrifugation (200 X g for 5 min) and washed once, and viable counts were carried out on the pooled upper parts of the supernatants (containing uningested bacteria). The number of ingested bacteria (I) was calculated by subtracting the number of viable extracellular bacteria (E) at a given time from the total number of viable bacteria (T) at zero time (T -E = I). The percentage of ingestion is expressed by the equation, I/T X 100.
Viable counts of the surviving ingested bacteria were carried out after the washed sedimented phagocytes were disrupted by addition of 2.5% (w/v) saponin (The British Drug Houses, Ltd.). The saponin-treated suspensions were immediately diluted to avoid saponin damage to the bacteria. The percentage of intracellular survival was calculated from the number of viable bacteria (S) released from the washed phagocytes divided by the number of ingested bacteria (I) (S/I X 100).
RESULTS
Ingestion and intracellular killing of Salmonella typhimurium LT2 and its cell wail mutants by mouse peritoneal macrophages. The cell wall mutants of S. typhimurium with an incomplete core (Rb, Rc, Re types) were rapidly ingested by peritoneal macrophages (Fig. IA) . At least 85% of the population of these rough strains was ingested during the first 15 min of incubation. Ingestion of the wild-type S. typhimurium, on the other hand, showed a lag, and only 40% of the bacterial population was ingested during the entire incubation period (2 hr). The rough Ra type strain, possessing a complete core but lacking the 0-specific side chains, showed a rapid initial rate of ingestion but reached a lower level after the first 15 min of incubation (60% of the Ra type population as opposed to 85 to 100% of the population of other rough strains). Like the wildtype bacteria, the galactose-grown UDP-gal-4-epimeraseless mutant (LT2-M1-gal, S phenotype) was ingested only after a lag. However, its rate of ingestion later accelerated, and 80% of the bacteria were ingested by the end of 2 hr.
The survival of the ingested bacteria within the macrophages is shown in Fig. 1B Fig. 1 . not differ by the end of the incubation period (2 hours).
Phagocytosis of Salmonella enteritidis cell wall mutant (11-1-M) by mouse peritoneal macrophages. Ingestion ( Fig. 2A ) and intracellular killing (Fig. 2B) of cells of S. enteritidis mutant grown under standard conditions (Rc type) and grown on galactose-supplemented medium (S phenotype) were compared. Ingestion of the Rc type cells proceeded rapidly, and 99.9% of the population was ingested during the incubation period (2 hr), whereas the galactose-grown cells (S phenotype) were ingested after a lag and showed a lower per cent of ingested cells (Fig.  2A) . The galactose-grown cells also showed increased resistance to intracellular killing, and 30 % of the population survived after 2 hr incubation, whereas only 1% of the Rc type cells survived within the macrophages (Fig. 2B) . In general, the S phenotypes of both S. typhimurium LT2-M1 and S. enteritidis 11-1-M were more resistant to ingestion and killing than the corresponding Rc cells. However, the differences in resistance between the two types of cells (S phenotype and Rc type) were greater with S. enteritidis than in the respective strains of S. typhimurium( Fig. 1 and 2) .
Phagocytosis of wild-type salmonellas and their cell wall mutants by guinea pig PMN leukocytes. All the rough mutants of S. typhimurium were much more rapidly ingested by PMN leukocytes than the wild-type cells or the galactose-grown UDP-gal-4-epimeraseless mutant (S phenotype; strains lacking sugars in the core of polysaccharide (Rb, Rc, Rd, and Re greater than those of the wild-type lactose-grown epimeraseless mutant type; Fig. 3B ). The Ra type mutant se intermediate sensitivity. Figure 4 shows similar differen4 rough and smooth types of S. typhim rate of killing in an experimental sy chloramphenicol. This indicates th phenicol does not affect the different of the various strains. Likewise, the enteritidis and its cell wall mutant (R killed at similar rates during the earl incubation (up to 1 hr) in the abser amphenicol in the reaction mixtu Later, however, the wild-type bacetri whereas the number of surviving mu continued to decrease.
DISCUSSION
The results of experiments made peritoneal macrophages, as well as wi PMN leukocytes from guinea pigs, show the importance of the cell wall structure of salmonellas in the interaction of the bacteria with phagocytes. The significance of intracellular events in the early 11(S) stages was stressed by Hsu et al. (10) who showed that smooth and rough strains of S. typhimurium differ in the extent of intracellular killing rather than in subsequent multiplication. Rough strains of S. typhimurium lacking sugars in the cell wall polysaccharide were more sensitive than the smooth wild type to ingestion and early intracel-1-1 44 (Rc) lular killing by mouse peritoneal macrophages and guinea pig PMN leukocytes in vitro. The rough strain, posessing a complete core by lacking 0-specific side chains (Ra type), showed intermediate sensitivity (especially pronounced in intracellular killing) between the rough strains with incomplete cores (Rb, Rc, Rd, Re types) and the more resistant wild type (S type). Thus, it appears that the possession of a complete core is important for resisting ingestion and for intracellular survival and that the presence of the 0-specific side chains contributes further resistance. These results agree with the observation of Medearis et al. (15) , showing that wild-type E. coli 0111 with 0-specific side chains resists ingestion by PMN leukocytes in vitro and by macrophages in vivo better than its call wall mutant L2 lacking 0-specific side chains, which in turn was of E. coli is less virulent for mice than the wild type (15) . The prolonged survival of the S phenotypes within the phagocytes suggests that such strains might be used in immunization.
A correlation has been found between the cell wall composition and the infectivity of S. typhimurium (21) and of E. coli (15) to mice. Nakano and Saito (21) found that the number of 0-specific side chains is important for the infectivity of S. typhimurium.
Although there are some differences related to details of the bacterial cell wall composition in the various systems of phagocytosis and virulence examined, it is obvious that a major determinant is the polysaccharide composition of the cell wall. Results of in vitro studies show that peritoneal macrophages ingest and kill avirulent strains of Salmonella much more rapidly than virulent strains (10-12, 17, 18, 23-25) . These differences may now be interpreted in terms of differences in the polysaccharide composition in the cell walls of the avirulent and virulent strains.
Since salmonellas are considered facultative intracellular parasites of the RES and multiply within macrophages, most studies on their phagocytosis and virulence have been carried out with macrophages (12, 23, 24) . Our results show that the cell wall composition of the Salmonella strains affects phagocytosis by PMN leukocytes as it does phagocytosis by macrophages. Moreover, the differences in susceptibility to intracellular killing among the bacteria with different cell wall compositions seem to be more pronounced when examined with PMN leukocytes.
Since metabolic and bactericidal activities of phagocytes are known to be influenced by the process of ingestion (1, 4, 16) , the question must be considered whether differences in intracellular killing are possibly a secondary result of changes in the phagocytes rather than due directly to the different susceptibilities of the bacterial strains. This possibility is unlikely in the case of PMN leukocytes at least, since it has been shown that wild-type S. typhimurium and its cell wall mutants differ in susceptibility to the bactericidal action of the lysosomal fraction of PMN leukocytes (6) . However, the Ra type mutant (TV-1 19) showed resistance similar to the wild type in the subcellular bactericidal system (5), whereas at the cellular level it appears to be more susceptible than the wild type. In this particular case, it might be that the process of ingestion renders the bacteria somewhat more sensitive.
